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INTRODUCfION 
This paper presents two examples of joint work with Otto Buck with emphasis on 
the effects of tensile stress on metal alloys. In the first example [1]. the work was done at 
cryogenic temperatures where many metals enter the superconducting state. Changes in 
flow stress were observed when the metal was switched between the superconducting and 
normal state by the application of the critical magnetic field. The results were interpreted in 
terms of the unpinning of dislocations. In the second example. crack growth was 
monitored by the use of surface acoustic wave scattering [2]. The method was described 
and the results were presented and interpreted. Good quantitative agreement was observed 
between the ultrasonically determined crack dimensions and those observed in post-failure 
analysis. Both examples demonstrate the innovative scientific spirit characteristic of Otto 
Buck's approach to materials characterization. 
CASE I: FLOW STRESS IN SUPERCONDUCfING LEAD 
Measurements of the decrease in mechanical strength which accompanies the 
appearance of superconductivity were reviewed. The simplest explanation in terms of an 
electronic contribution to the viscous drag on moving dislocations was found to be 
inconsistent with the data. Qualitative agreement with the hypothesis of a change in 
dislocation pinning point strength could be demonstrated. 
The first indication that the dramatic change in electronic properties at the 
superconducting transition could also affect dislocation dynamics was the observation by 
Tittmann and Bommel [31 that the dislocation contribution to the internal friction of lead 
was larger in the superconducting state than in the normal state. Their interpretation of this 
phenomenon was based on a difference in drag felt by dislocations moving through the 
electron gas in the two states. This spawned several theoretical calculations of the 
magnitude of the drag coefficient and some experimental studies have been carried out to 
test these theories. Since internal friction was very sensitive to mechanical property and 
since the electronic drag coefficient was not very large. it was not anticipated that any 
effects could be observed in the more gross mechanical properties such as flow stress or 
creep rates. However. Kojima and Suzuki [41 and Pustovalov. Startsev and Fomenko [5] 
performed such experiments and observed a pronounced effect. 
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Figure 1. Stress-strain curve ( 1: versus E )on single crystal of Lead 99.999%. Steps correspond to 
application of critical magnetic field. 
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Figure 2. Increase in /)'l"with alloying at 4.2" K. 
1630 
This discovery had sparked renewed interest in the electron-dislocation interaction 
because the mechanical tests could be more directly related to dislocation processes than 
could internal friction. It was the purpose of this paper to review the experiments and to 
present the theoretical implications as they stood at the time. 
Review of experimental facts 
The variation of the yield stress of single crystals of lead was studied by Pustovalov et 
al. [5] who observed a difference in stress-strain curves taken in the normal and in the 
superconducting states. Unfortunately, this method was not very accurate because several 
crystals and several separate tests were involved. In subsequent experiments, these same 
workers and Kojima and Suzuki obtained more accurate quantitative data by measuring the 
change in flow stress 110 = 0 (normal) - 0 (superconducting) produced by using a magnetic 
field to induce the superconducting to normal transition while the sample was being deformed 
at a constant strain rate. 
Figure I displays a portion of the stress strain curve obtained on single crystal lead. 
It should be noted that when the sample was in the superconducting state (H = 0), it displays a 
lower flow stress. The fields HI and ~ were both higher than the critical field and the flow 
stress was higher in the normal state and was independent of the magnitude of the magnetic 
field so long as the critical field was exceeded. Later studies showed that the slow rise in flow 
stress when the field was applied and the rapid drop in stress when the field was removed were 
probably a result of the compliance of the testing machine and did not indicate a slow buildup 
of mechanical resistance following the establishment of the normal state. 
The inverse process of entering the normal state did not change the creep rate. 
A similar type of experiment [1] stress relaxation was observed. The 3 glmm2 drop in stress 
was found to be about equal to the change in flow stress observed when the sample underwent 
the normal to superconducting transition under conditions of constant strain rate. Experiments 
indicated that by allowing the stress to relax for much longer times (10' - l(f s) at higher stress 
levels, this equality no longer held because the amount of the stress drop accompanying 
superconductivity decreased with holding time. 
The effect of various structural parameters on the change in flow stress, 110, was 
the subject of several investigations. 110/0 was rather insensitive to crystal structure since 
it was of the order of a percent in single crystals of Pb (fcc), [5], Nb (bec) [6] and poly-
crystals of In (bec). During work hardening, 110 increased but not so rapidly and 110/0 
actually displayed a decreasing tendency with increased cold work. The effect of alloying 
was extensively studied by Kostorz [6\. Figure 2 showing an increase in AT. (or Ao) with 
alloying, is an example of these observations. The effect of decreasing the temperature 
below the superconducting transition, Te , was well known to drastically affect most 
superconducting properties. Ao was also temperature dependent and could be described by 
a linear function of (TlTy. 
At first glance, this result was surprising since the two-fluid model predicted that 
the ratio of superconducting to normal electrons was proportional to 1 - (TITJ'. However, 
theoretical treatment showed that when the possibility of high dislocation velocities (- l(f 
cm/s) were taken into account, a quantum-mechanical derivation yielded an approximate 
(TITY dependence. The magnetic field dependence of 110 was studied by Kostorz who 
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Figure 3. Micrograph of a fatigue crack. 
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figure 4. Length determination for fatigue crack in commercial Ti from side-scatter time-domain 
signals. 
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showed that in the intennediate state of a type II superconductor (Nb) the magnitude of Ao 
was proportional to the magnetic induction B. The strain rate dependence of Ao was 
studied by several investigators because it was important to the theoretical interpretation. 
All of these workers observed that to within experimental error Ao could be considered as 
independent of strain rate except possibly at very large strains. 
Discussion 
Qualitatively, the unpinning model could rationalize all the other observations. 
The addition of impurities or an increase in plastic flow to decreases V and hence increases 
Ao for a fixed Un - Us. For stress relaxation experiments, the drop in load when the 
specimen become superconducting should be approximately equal to the Ao of the constant 
strain rate test because both quantities reflect the sudden release of a bloc of dislocations 
from pinning points whose interaction strengths were suddenly reduced. 
After very long times under a constant strain, nonnal thermal activation processes could be 
expected to deplete the number of dislocations in this bloc and the magnitude of the load 
drop in a stress relaxation experiment could be expected to become smaller than the Ao of a 
constant strain rate test. 
The observation that the gross mechanical properties of a metal could be influenced 
by the nonnal to superconducting transition has provided a new tool for the study of the 
interaction of electrons and dislocations. Unfortunately, the original hypothesis that the 
interaction was mainly a dynamic one in which the electrons exert a drag on moving 
dislocations did not seem to be consistent with the new measurements. This makes it 
difficult to justify calculations of the temperature dependence of the effect based on the 
damping mechanism. 
On the other hand, a model in which the free electrons somehow playa role in the 
static interaction of a dislocation with a pinning point could be made consistent with the 
observations. A compromise model combining both the damping and pinning features 
could be conceived in which the force on the pinning point was influenced by the thennal 
vibrations of the dislocation line which were in tum influenced by the damping of the 
medium in which the dislocation vibrates. 
CASE 2: FATIGUE UFEflME PREDICfION WITH THE AID OF SAW NDE 
The studies concentrated on predicting the remaining fatigue-life for single fatigue 
cracks in the Paris regime of macrocrack propagation [21. Acoustic surface waves were 
used to interrogate the crack during cyclic fatigue. The inversion of the obtained scattering 
data provided crack depth and crack length as a function of the number of cycles applied in 
tension-tension fatigue. Auxiliary experiments were conducted to study the acoustic 
response of the crack to tensile and compressive loads, thought to open and close the crack. 
The technique may allow for new insights into the physics of the "crack closure" 
effect. The work attempted to test and evaluate the technique on a-titanium undergoing 
fatigue cracking. The prediction of the crack depth was compared with those obtained from 
a fracture mechanics analysis during and after specimen failure. 
1633 
FREO!MHz) 
AVG fl.f = 1.04 MHz 
AT-AVG = 0.958 
AVG dey (obs) = 0.125 
Figure 5. Length determination for fatigue crack in commercial Ti from side-scatter frequency-
domain studies. 
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Experimental Technique 
The material chosen for the measurements was Ti-15A, which was an unalloyed, 
relatively clean a-titanium, often used for tubing material in corrosive environments. The 
specimens were prepared as plates (IO cm x 30 cm x I cm) with a spark-eroded starter notch. 
The plates were first subjected to fatigue cycling in a four-point bending apparatus. After a 
true fatigue crack had been initiated, the plates were ground and polished to remove the 
starter notch, leaving a nearly closed part-through fatigue crack in the remaining material. 
These cracks were typically 2-3 mm in length and about 1 mm deep. With the specimen 
plates prepared in this way, the measurements of crack depth and length were carried out. 
Figure 3 shows a micrograph of one of the cracks during the measurements. 
To study the growth of these true fatigue cracks under well specified conditions, the 
plates were machined into dog-bone type specimens and subjected to cyclic tension-tension 
fatigue. This part-through crack geometry (PTC) specimen had the following dimensions: 
0.45 cm thick, 3.8 cm wide and a 6 cm gauge length. The specimens were cyclically 
loaded in a MrS electrohydraulic system in laboratory air under the following loading 
conditions: 
0min = I ksi, 0max = 39 ksi 
with the external cross section stress being of the form 
° +0 0 -0 . o = max mm + max mID sin WI. 
2 2 
The specimens were cycled at a rate (wl23t) = 1 S·l 
In the SAW experiments, commercial broad-band longitudinal wave transducers 
were used with water wedges to provide both the transmitter and receiver, as described 
previously. A Panametrics Pulser-Receiver was used with an external attenuator to 
generate and receive the signals. A Biomation 8100-0 was employed to digitize the signals 
received and to provide an interface with a computer. This computer was used to obtain the 
Fourier transform of the signal, which was typically divided by the transducer transfer 
functions in order to calculate and display the normalized magnitude of the resulting Fourier 
transform. The transducer transfer function was obtained in a separate experiment in which 
the surface waves were backscattered from a reference scatterer, typically a sharp edge of 
quasi-infinite extent. 
Results 
The fatigue cracks discussed above were studied in both the time and frequency 
domain to determine the length of the cracks. For sufficiently short pulses, the signals 
from the extremities of the cracks could be resolved such that an analysis in the time 
domain was possible. This procedure was demonstrated in Figure 4 which shows rf 
waveforms for pitch-catch, in which one transducer sends its beam normal to the crack 
face, while the other transducer receives the scattered radiation in the direction parallel to 
the crack plane. Two closely spaced signals were observed, which were thought to be 
associated with two point-sources each corresponding to the crack tip near the surface. 
The radiation corresponds effectively to a dipole source producing rf waveforms in phase 
opposition. The separation of the two signals corresponds to the time-delay calculated on 
the basis of a Rayleigh wave traveling along the length of the crack. The calculated crack 
length of 2.85 mm was in good agreement with the 2.80 rom measured under an optical 
microscope. 
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figure 7. Behavior of an ultrasonic Rayleigh wave impinging on a surface-breaking crack. 
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Figure 8. Crack closure studies during fatigue cycling experiment. Bending load in lb. 
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Figure 5 shows the nonnalized Fourier transfonns of the time domain wavefonns shown in 
figure 4. It was easy to see that the existence of two somewhat separated pulses in the 
time domain was equivalent to interference in the frequency domain. With the use of 
algorithms developed in previous papers it was relatively straightforward to estimate the 
length of the fatigue crack by noting the spacing between the nulls and peaks. 
The calculated values for the length (3 mm) were in good agreement with those 
obtained in the time domain. Note that the observations of multiple nulls (peaks) allows, in 
tum, a multiple set of estimates and the obtaining of a statistical average. An additional 
advantage of the frequency domain analysis was that careful signal processing would still 
allow estimates to be made in the situation where the two corresponding wavefonns were 
overlapping and could not be resolved. 
During the second phase of the investigation the plate was machined into a tensile 
specimen and examined at periodic intervals during the fatigue cycling. Because of the 
tensile specimen shape, the crack length determination could not be carried out and only the 
crack depth measurements were perfonned. Since the influence of static stress was shown 
to play an important role in the crack depth determination before, as seen in figure 6, these 
types of experiments were also carried out here. 
From Figure 7, it could readily be deduced that the transit time between the echo at 
A and the echo from the back-wall is 
AT = ~ + 2(t - a~ 
VR Vs 
where VR and Vs are the velocities of Rayleigh and shear waves, respectively, a was the 
crack depth, and t was the plate thickness. From this expression, a could be determined 
by precision measurements of AT, t, and knowledge OfvR and Vs. 
figure 8 summarizes those data by showing the crack echo delay time AT as a 
function of tension and compression load for four stages: 0, 4000, 9000, and 11,000 
cycles. The bottom curve represents the stable, relaxed crack (several months after 
precracking) and shows a very weak dependence of AT on load. The fresh cracks, by 
contrast, show a much stronger dependence on load, as identified by a pronounced knee in 
the graphs. The knee was we interpret to be due to crack opening and crack closure. 
Note that, as the crack was allowed to grow further, the knee was seen to move to the left 
from tensile to compressive stresses which was a tendency in Ti-alloys we have observed 
before. 
It was clear, that an arbitrarily chosen stress, say zero load, for calculation of the 
crack depth from AT -measurements could lead to a meaningless comparison between the 
crack growth phases. It was therefore decided that the AT values corresponding to the high 
tension loads would be used for the crack depth determination since the crack was fully 
open. These measurements were augmented by optical measurements of the crack length. 
The results are presented in Table 1, by tabulating the delay time AT and the optical length 
of each phase of the fatigue cycle experiment. With a knowledge of the elastic moduli, the 
crack depths could be calculated. Before a discussion on the crack depth values, it was 
important to discuss an independent check and develop an alternative approach to the crack 
depth detenninations. This was accomplished with the aid of fracture mechanics. Since 
the crack growth takes place over a relatively long time it was important to speak in tenns 
of a stress intensity range and a remaining life in tenns of the number of cycles for failure. 
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Figure 9, summarizes the results by plotting the crack depth observed (estimated 
from ultrasonic waves) versus the actual crack depth inferred from fracture mechanics. The 
ultrasonic values were adjusted on the basis of a small amount of dispersion of the surface 
acoustic waves(SA W). 
DISCUSSION 
Techniques for determining crack depths and lengths were applied to fatigue cracks 
in plates of Ti-15A. The main emphasis was placed on evaluating an echo timing technique 
for determining the crack depth. The results of the technique were used in a failure 
predictive analysis such that well-established methods from fracture mechanics could be 
used to check the technique. The results of the evaluation may be summarized by listing its 
weaknesses and strengths. 
One of the chief advantages of the technique was that it employs well defined 
signals with high signal-to-noise ratios. These signals originate as surface waves which 
were easily identified by standard techniques. Advanced timing techniques now 
commercially available make the time delay measurements a straight-forward endeavor with 
excellent precision. 
Chosen factors should be weighed against some important disadvantages, among 
which must be listed the restrictions on specimen geometry for the proximity of a suitable 
backwall, the sensitivity of the calculations on errors in the shear and Rayleigh wave 
velocity, and the apparent need of refinements in the model describing the interaction 
between the surface waves and the crack. A much more fundamental limitation of the 
technique was its inability to provide information for cracks inclined to the surface. 
Especially, for cracks with curved contours the technique would provide deceptively longer 
crack depth values than required for quantitative life time prediction. Within the scope of 
these limitations, the technique has shown to be a powerful tool for predicting the 
remaining number of cycles for a specimen with a true fatigue crack. 
As expected, to achieve a valid fatigue life prediction, using crack propagation data, 
it was necessary to apply a tension stress to the specimen such that the crack was fully 
open. On unloading it was observed that the crack started to close down on itself. 
The stress at which this occurs, was the so-called "crack closure stress". This closure 
behavior deserves some discussion, particularly in view of an increasing interest in this 
subject by the materials scientists. 
We have plotted the ratio of the crack closure stress over the maximum applied 
stress, as a function of crack depth a, in Figure 10. 0closure/omax decreases rapidly with 
increasing a and, for this material, even appears to become negative for large a. The latter 
observation was a surprise in that to the authors knowledge such an effect has not been 
reported before for tension-tension fatigue. However, a strong decrease of 0clOlJujomax with 
increasing a was observed earlier on Ti-6AI-4V. 
These data were obtained on compact tension specimens (of width w) with the 
major portion of the decrease being due to a fracture mode transition as the plastic zone 
become larger than the grain size of the material. In contrast, aluminum alloys show a 
crack depth independent closure stress in the Paris regime of crack propagation. These 
experimental observations deserve further investigation and the present results indicate that 
surface waves, which probe the effective depth of the crack, seem to be extremely valuable 
in that respect. 
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CONCLUSION 
The joint experimental observations sununarized in this article for the two cases, received 
further investigations and were shown to be very valuable in the future studies. 
The collaboration with Otto Buck was very fruitful and paved the way for many subsequent 
advancements in the understanding of the effect of tensile stress on metal alloys. Otto 
Buck's excellence is missed by all. 
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